Abstract. -We study the competition between the Kondo effect and frustrating exchange interactions in a Kondo-lattice model within a large-N dynamical mean-field theory. We find a T = 0 phase transition between a heavy Fermi-liquid and a spin-liquid for a critical value of the exchange Jc = T 0 K , the single-impurity Kondo temperature. Close to the critical point, the Fermi liquid coherence scale T ⋆ is strongly reduced and the effective mass strongly enhanced. The regime T > T ⋆ is characterized by spin-liquid magnetic correlations and non-Fermi-liquid properties. It is suggested that some of these considerations are relevant to the heavy fermion compound LiV2O4 and that magnetic frustration is essential to explain the large effective mass and small coherence scale observed in this compound.
evidence of the presence of SL-like spin correlations in LiV 2 O 4 . This system is also close to a SG instability as it is known that small amounts of Zn doping on the Li sites results in SG freezing [8] . According to LDA + U band structure calculations [9, 10] one of the three t 2g V d-levels splits from the triplet in the crystal field of LiV 2 O 4 and forms a highly correlated band. Due to the large Coulomb repulsion on the V site the corresponding Wannier states are singly-occupied thus playing the same role as the f-orbitals in conventional rare-earth based heavy-fermion systems. The single-site Kondo temperature estimated from these calculations is T 0 K ≈ 550 K [9] . This is an order of magnitude larger than the measured Fermi liquid coherence temperature T ⋆ ≈ 25 − 40 K [3] . Nozière's "exhaustion" mechanism [11] has been invoked [9] to explain this huge reduction of T ⋆ with respect to T 0 K . However, some doubts where recently cast [12, 13] on the validity of Nozières' estimate T ⋆ ∝ (T 0 K ) 2 /D (D is the bandwidth) and it has been suggested [13] that T ⋆ ∝ T 0 K with a prefactor that is small only for very low values of the conduction-electron density, a situation that is not realized in LiV 2 O 4 . Hence, an alternative mechanism is needed in order to explain the observed reduction of T ⋆ . We suggest here that magnetic frustration provides such a mechanism [14] and we illustrate this point by solving a simple Kondo-lattice model with frustrated magnetic interactions between the localized spins. It will be seen below that although our model is not meant to be a realistic description of LiV 2 O 4 it does share some of the qualitative features of this material and related compounds. An essential property of our model is that is has a quantum critical point (QCP) between a Fermi liquid (FL) and a spin-liquid phase (Fig. 1) . We show that near the QCP the coupling of conduction electrons to local critical spin-fluctuations leads to the suppression of both the Kondo scale T K (associated with the onset of Kondo screening) and the FL coherence scale T ⋆ . We find that both scales vanish at the QCP with a ratio
In the regime T ⋆ < T < T K , the electrons form an incoherent "bad" metal. They gradually decouple from the localized spins for T > T K , while the local spin dynamics remains SL-like for T < J. In the whole range T ⋆ < T < J, the spin and transport properties are markedly different from those of a FL. This type of non-Fermi liquid regime has been previously studied in Reference [15] in the different context of a doped Mott insulator. As discussed below, it shares common features with the experimentally observed behavior of
Model. -We study the Kondo-lattice model defined by the Hamiltonian :
where S i and c † is represent respectively a localized spin and a conduction-electron creation operator at the i−th site of the lattice. The localized spins interact with the conductionelectron spin density s i = 1/2 s,s ′ c † is σ ss ′ c is ′ via a local Kondo coupling J K and J ij is the magnetic exchange coupling between nearest-neighbor pairs of localized spins. Frustration effects can be introduced in the model by an appropriate choice of the couplings J ij . In a microscopic model for LiV 2 O 4 these must be taken anti-ferromagnetic on a frustrated lattice of corner-sharing tetrahedra. In the case of a metallic SG, the couplings can be modeled by a set of random variables with zero mean and variance J/ √ z (z is the coordination of the lattice). In the following, we focus on the case of random J ij . This should be viewed simply as a way to generate a SL regime with non-trivial spin dynamics, and we expect our conclusions to be similar in the case of geometric frustration. The problem defined by Eq. (1) is tractable in the limit of large coordination z → ∞ where dynamical mean-field theory (DMFT) is applicable [16] and the model can be reduced to an effective single-site theory. Using standard methods to perform the average over the disorder [17] the DMFT action associated to Eq. (1) may be written in the form ( 1 ):
where µ is the chemical potential and the rescaling t → t/ √ z was performed in order to obtain finite expressions in the limit z → ∞. G c (τ ) and χ(τ ) are the conduction-electron Green function and the localized spin autocorrelation function, respectively. These are determined by the self-consistency conditions [16, 17] 
The first two terms in Eq. (2) represent the action of the Kondo-lattice hamiltonian. The last term is the action of the quantum SG model recently studied by several authors [18] [19] [20] . It was shown that for S = 1/2 the ground state has SG order [19] . However, SL solutions appear above the SG transition temperature, specially in the formal limit of small values of S [18, 20] . Furthermore, it has been recently suggested [21] that the effective action describing the spin dynamics in this regime is also relevant for geometrically frustrated antiferromagnets.
The SL solutions are well described in the large-N approach that we discuss next.
Large-N solution. -The model defined in Eq. (2) cannot be solved analytically as it stands, but much progress can be made by solving it in the large-N approach which has been extensively used in the study of the Kondo lattice [22] and also allows to deal with the magnetic exchange term in Eq. (2) [15, 18, 20] . In this approach the spin symmetry is extended to SU(N ) and the coupling constants are rescaled as
The localized spin is represented in terms of fermion operators, S
The explicit form of the last term in the electronic part of the action applies to the case of a semi-circular conduction-band density of states. The results that follow are qualitatively independent of the detailed form of ρ(ǫ).
The interaction terms in Eq. (2) become now quartic. These are decoupled introducing Hubbard-Stratonovich fields B(τ ) (conjugate to σ f † σ c σ ) and P (τ, τ ′ ) (conjugate to σ f † σ f σ ) and the constraint is enforced through the introduction of a Lagrange multiplier iλ(τ ). In the N → ∞ limit the physics is controlled by a saddle point at which the Bose field condenses B(τ ) A = r, and the Lagrange multiplier takes a static value iλ(τ ) = λ, while P (τ, τ ′ ) = P (τ − τ ′ ) generates a frequency dependent local self-energy [15, 18] . The saddle point equations can be written in the following compact form:
where n F is the Fermi function and G c , G f and G f c are the full conduction-electron, f-electron and mixed Green functions, respectively given by :
Here, G 0 c (ω) = k 1/(ω − ǫ k ) is the non-interacting electronic local Green function, and we introduced the self-energy
The Kondo temperature. -At high temperature or for large values of J the only solution of Eqs. (3)- (5) has r = λ = 0. This represents a regime in which the localized spins and the conduction electrons are decoupled. In this regime G f (ω) = G S (ω) is the solution of a non-linear integral equation first investigated by Sachdev and Ye [18] that reads:
For max(T, ω) < J, the solution of this equation describes a SL with a non-trivial local spin dynamics characterized by a slow decay of the local spin autocorrelation function, S(0) · S(t) ∼ 1/t [18] .
In the large-N theory, the onset of Kondo screening is signaled by a phase transition at a critical temperature T K at which a second solution with r = 0 appears. The equation for T K is thus 1
In the absence of a magnetic exchange (J = 0), G S (ω) = ω −1 and T K = T 0 K , the singleimpurity Kondo scale. In the weak-coupling limit J K ρ 0 (ǫ F ) ≪ 1 it reads [13] :
where ǫ F and ρ 0 (ǫ) are the non-interacting Fermi level and the conduction electron density of states (d.o.s), respectively, and F K (n c ) is a smooth function of n c that depends on the details of the band structure. For J ≪ T 0 K the intersite coupling is a small perturbation and it may be shown that
In the opposite limit, J ≫ T 0 K , the magnetic exchange dominates and it follows from the form of the decay of the spin autocorrelation function in the SL phase that the Kondo effect cannot take place. As a result, for J above a critical value J c = T 0 K , the conduction electrons remain decoupled from the localized spins down to zero temperature (Fig. 1) . This is expected from a comparison of the binding energy of two localized spins in the SL regime (∼ J) and the energy gained by forming singlets between the spins and the conduction electrons which is at most O(T 0 K ).
In order to find the behavior of T K close to this critical point we may replace G S (ω) in Eq. (6) by its asymptotic form G S (ω) ∝ (sign(ω) − i ) / J|ω| for T < |ω| and G S (ω) ∝ (ω/ ( 2T ) − i ) / √ JT for |ω| < T , valid whenever max (ω, T ) ≪ J [15, 18] . We find that, in the limit T K /J ≪ 1 :
where δ = (J c − J) /J c measures the distance to the quantum critical point, at which the Kondo temperature vanishes quadratically.
The heavy Fermi-liquid regime. -When r is finite, Eqs. (3)- (5) admit FL solutions at low enough temperatures. We discuss first the case T = 0. A calculation analogous to that performed in Ref. [15] yields the value of the self-energy at zero-frequency :
In this expression, ǫ > F is the non-interacting Fermi level corresponding to an electron density (n c + 1)/2 per spin component. Eq. (9) implies that Luttinger's theorem is satisfied, with a "large" Fermi surface containing both conduction electrons and localized spins. In the weakcoupling limit, µ ≈ ǫ F , the non-interacting Fermi level corresponding to a density n c . It can be shown from Eqs. (4), (5) and (9) is finite for r = 0. Since in the SL phase ρ f (ω) ∝ 1/ J |ω|, a crossover between the FL and SL regimes is expected at a scale T ⋆ ∼ (r 2 /D) 2 /J. We note that, for J = 0, the coherence scale that controls all physical quantities at low temperature is r 2 /D [13] . For J = 0, this role is played by the much smaller scale T ⋆ , as detailed below. The full set of Eqs. (3)- (5) can be solved analytically in the vicinity of the QCP. Eq. (9) provides a relationship between λ and r which has to be determined self-consistently. At T = 0, in the weak-coupling limit, the equations are solved by the following Ansatz for the f-electron d.o.s :
The effective mass of quasiparticles (given by the inverse of the quasiparticle residue Z) is
Transport. -Within DMFT [16] , the dc resistivity is easily obtained from one-particle properties since vertex corrections are absent. In the Fermi-liquid regime T < T ⋆ , we find
hence the Kadowaki-Woods relation is obeyed as in most heavy-fermion compounds. In the intermediate regime T ⋆ < T < T K , the resistivity drops as ρ dc (T ) ∝ (T ⋆ /T ) 1/2 . Although reminiscent of the maximum observed in usual heavy-fermion systems the physical origin of this feature in the present case is different. Here, the localized spins form tightly bound singlet pairs in the SL phase at T ⋆ ≪ T ≪ J. Hence, the correlations between the localized spins increase as T increases from T ⋆ , which results in the decrease of the scattering cross section of conduction electrons. However, residual scattering of the conduction electrons on the local spin fluctuations of the SL is still expected to contribute to the resistivity for T K < T < J. The discussion of this effect requires going beyond the N → ∞ limit (while we do not expect qualitative changes in the FL region from the inclusion of higher order corrections). There is in particular a second-order correction to the conduction electron self-energy that reads:
Since χ ′′ loc (ω) ∝ ω/T for ω < T and T > T ⋆ , this results in a contribution δρ ∝ T to the resistivity. We thus expect to see in the physical case N = 2 a crossover from a quadratic to a linear T -dependence of the resistivity at T ≈ T ⋆ .
Conclusions. -In summary, we studied a model in which the competition between the Kondo effect and frustrating magnetic interactions leads to a QCP separating a heavy Fermi-liquid phase from a spin-liquid phase. The coupling of the conduction electrons to critical local spin-fluctuations near the QCP results in a dramatic reduction of both the Kondo temperature and the Fermi-liquid coherence scale, and to a critically enhanced effective mass. For temperatures above the FL coherence scale but below the magnetic exchange, the transport and spin dynamics show striking deviations from those of a Fermi liquid.
While our single-band Kondo-lattice model is too simple to describe LiV 2 O 4 realistically, it is worth noticing that its qualitative features as well as some of its detailed properties are quite reminiscent of those observed in this system. Most notably: i) the strongly reduced value of T ⋆ /T 0 K . From the experimental values of T ⋆ and the theoretical estimate of T 0 K the ratio T ⋆ /T 0 K ≃ 0.05 − 0.08. Eq. (11) yields ratios of this order for δ ≃ 0.3. Since T ⋆ vanishes very rapidly at the approach of the QCP the reduction factor may become quite large at a substantial distance form it. ii) a T -independent spin relaxation rate for T > T ⋆ consistent with a SL spin dynamics and iii) incoherent metallic transport above T ⋆ with ρ ∝ T . Finally, we observe that some of the results derived here are independent of the detailed form of the kernel χ(τ ) but result from the existence of an unstable fixed point that lies between the Kondo phase and the spin fluctuation dominated phase as pointed out in [23] . Some of our conclusions are therefore expected to be valid beyond our specific model. * * *
